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Why NLO ?

@ QCD corrections quantitatively relevant : K ~ 1.5

@ QCD corrections qualitatively relevant: scale dependence, normalization of distributions,
importance of gluon radiation ...

Why Automation ?

@ Many models & processes < analogue technical challenges
@ Cost & time saving, robustness, accessibility

@ Eases validation, engages Theory/Experiment interchange

° _: MadNLO [Hirsch et al.], arXiv:1103.0621, aMC@NLO
[Frederix et al.] arXiv:1104.5613

MadGolem
[Binoth, Gongalves-Netto, DLV, Mawatari, Plehn, Wigmore, arXiv:1108.1250 [hep-ph]]

@ Fully automated calculation of NLO QCD corrections for arbitrary 2 — 2 processes in a

generic BSM framework soon to be public !
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MadGolem: describing the tool Modules and flowchart

MadGolem from inside: modules and flowchart

LO amplitude

MadGraph user interface

real corrections

Extended
MadDipole IR Subtraction
NLO
amplitude

Event Generator

MadOS

[ OS Subtraction ]

NLO
Cross-
section

(_ Qgat )

Counterterm
generator
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MadGolem from inside: virtual corrections

& GENERATION ——  |[GERBH (Nogueira]
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MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

& GENERATION ——  |[GERBH (Nogueira]

& TRANSLATION  «— _

vertices  propagators color Lorentz structures relative signs

A& CALCULATION —— [(GBIBM (Binoth et al ]

NLO __ NLO
M - M[color/hclicity/llffunction] X Bcolor ® Bhel ® Blqunction
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MadGolem: describing the tool Virtual corrections

Handling the UV divergences

Including the Counterterms

Lo— L(ZY?$,259) = L($,9)+5L($,9,6Z6,59)
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MadGolem: describing the tool Virtual corrections

Handling the UV divergences

Including the Counterterms

Lo— L(Z)*$,Z59) = L(b,9)+3L(),9,67s,09)
6L(5Z¢769) < Zm 267 297 Eg @O(Cﬁs)
N————

Renormalization scheme

@ MS, for the field-strength RCs of the massless particles

o OS, for the field-strength RCs of the massive particles

@ MS+ decoupling of heavy colored-particles , for gs [Beenakker et al,
Berge et al]

@ SUSY breaking from Dimensional Regularization restored through
additional finite CTs [Martin, Vaughn; Beenakker et al].
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MadGolem: describing the tool Real emission

Handling the IR divergences

) _ [Catani, Seymour; Catani, Dittmaier, Seymour, Trocsanyi]
a:/ daB +/ daR+/ [/dav]
m m41 m L1
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MadGolem: describing the tool Real emission

Handling the IR divergences

) _ [Catani, Seymour; Catani, Dittmaier, Seymour, Trocsanyi]

0=/ do® +/ daR—drTA-i-/ /dcrv+(1rrA
m m+1 m 1 ———
—_— 1 1

1 1 €IR €IR

€IR €IR

Local (pointwise) subtraction of the IR poles

@ Based on factorization of collinear&soft singularities

@ Process-independent

@ Analytically integrable over the single-parton phase-space containing the divergences
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MadGolem: describing the tool Real emission

Handling the IR divergences

) _ [Catani, Seymour; Catani, Dittmaier, Seymour, Trocsanyi]

0=/ do® +/ dUR—drTA-i-/ /dcrv+(1ﬂA
m m+1 m 1 ———
—_— 1 1

1 1 €IR €IR

€IR €IR

Local (pointwise) subtraction of the IR poles

@ Based on factorization of collinear&soft singularities

@ Process-independent

@ Analytically integrable over the single-parton phase-space containing the divergences

dO'A Z f(eIR) X do’lB ® V;
1

/ do? Z/ f(err) XdalB ® / Vi = f(err) X / dO’lB ® !
m+1 T Im 1 m

ISUSY (including a-dependence [Nagy, Trocsanyi] ) available @ MadGolem
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MadGolem: describing the tool Real emission

Testing MadGolem: IR divergences

Validation strategies

@ « dependence & behavior in the soft and collinear limits, for all dipoles [Nagy, Trocsanyi]

@ cancellation of IR divergences — numerical stability and convergence
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MadGolem: describing the tool Real emission

Testing MadGolem: IR divergences

Validation strategies

@ « dependence & behavior in the soft and collinear limits, for all dipoles [Nagy, Trocsanyi]

@ cancellation of IR divergences — numerical stability and convergence
Performance of the SUSY dipoles: pp(ug) — X1

Soft limit for gluon (without pdf)
ug>ulnlg, E =500 GeV, m, =150 GeV, m , =90 GeV
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MadGolem: describing the tool On-Shell divergences

Handling the OS Divergences

Automatized OS Subtraction available @ MadGOLEM [Beenakker, Hopker, Spira, Zerwas]

doR*]
O(1/(p2—m?2))
ug — 4rX1j + wu— ALuay — 4rxi1j

dot  — doR]
regular
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Handling the OS Divergences
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MadGolem: describing the tool On-Shell divergences

Handling the OS Divergences

Automatized OS Subtraction available @ MadGOLEM [Beenakker, Hopker, Spira, Zerwas]

doR*]
o1/ (p2—m?2))
ug — 4rX1j + wu— ALuay — 4rxi1j

dot  — doR]
regular

a:/ ng_>/ [doR-&-dch*(I‘iL)—daOS(I‘iL)]
m+1 m+1

e

uu — Ur Uy — WLX1J - wu — apin X B(ar — X17)
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MadGolem: describing the tool On-Shell divergences

Handling the OS Divergences

Automatized OS Subtraction available @ MadGOLEM [Beenakker, Hopker, Spira, Zerwas]

dOR*]
O(1/(17 —m?2))
ug — 4rX1j + uu— Grdy — 4rx1j

dot  — doR]
regular

a:/ ng_>/ [d0R+d0'R*(F,7L)—da‘os(FﬂL)]
m+1 m+1

uu — 4rdy — U4rXij - uw— apun X B(ar — X1j)
da,()S — O,Bov‘n mﬂL FﬁL /7T + o) < 1 >
dM? (Mz—mgL)+m2Ff2L (Mz—mzﬁL)

] _ of the OS poles — - to CS dipoles
Fa, - = dependence cancels in the final results
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MadGolem: describing the tool On-Shell divergences

Testing MadGolem: OS divergences

Validation strategies

@ Independence with respect to I'/M

@ Numerical stability and convergence
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MadGolem: describing the tool On-Shell divergences

Testing MadGolem: OS divergences

Validation strategies

@ Independence with respect to I'/M

@ Numerical stability and convergence

Performance of the OS Subtraction: pp(uu — Grx1w)

A2 e e s e e et e e ]
20= - e — -
r OSdiv. + subtract (Tj) T
of - ]
r OSdiv. + subtract (T) ]
20 _ 1
[ o(uu- Gx%)I[fb] ]
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Squark/neutralino production at NLO: Phenomenogical analysis
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Squark/neutralino production at NLO: Phenomenogical analysis | general features

pp — GX. at Leading-Order

') _ pp(ug) — @ x5 OLO pp(ug, wu, ud, uii, gg) — @ x% ONLO
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Squark/neutralino production at NLO: Phenomenogical analysis | general features

pp — GX° at Leading-Order

n

') _ pp(ug) — @ x5 OLO pp(ug, wu, ud, uii, gg) — @ x% ONLO

SUSY gauge interactions  «—— neutral gauginos «——  weak hypercharges

Yukawa interactions — neutral higgsinos — light quark masses
0 (X9 ads %2 ads
C(Xnads) = ilgy" “Pr+gp" °PrL

S0 % S0 %

FriE g P
S0 % -0 &
Xp 947, 9Xn IR _
e _773\/5;;,ch (sw Ny +3cw NJiy) g, " =0
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Squark/neutralino production at NLO: Phenomenogical analysis | general features

p — GxXo at Next-to-Leading Order

° _: virtual gluon (QCD) and gluino (SUSY-QCD)

interchange

° : quark and gluon emission off the initial partons and the

final-state squark
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pp — GX. at Next-to-Leading Order

° _: virtual gluon (QCD) and gluino (SUSY-QCD)

interchange

° : quark and gluon emission off the initial partons and the

final-state squark

q

-0 _
q Xn, q ,,:i"'
f
. RY qr .- } X
v
—«; L -
q qL, R q g q q 4qr, R<

i) (s)quark self-energy insertions; ii) vertex corrections & X1qq loop-induced form-factor; iii)

box diagrams; iv) UV counterterms; v) real quark/gluon emission
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pp — GX. at Next-to-Leading Order

° _: virtual gluon (QCD) and gluino (SUSY-QCD)

interchange

° _: quark and gluon emission off the initial partons and the

final-state squark

-0 _
q Xn q ‘f]f;x'
0 qr, RV ir g X
,<>< /A/&LLLQ‘\ -
qL,R q q4L.r q

i) (s)quark self-energy insertions; ii) vertex corrections & X1qq loop-induced form-factor; iii)

box diagrams; iv) UV counterterms; v) real quark/gluon emission
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Squark/neutralino production at NLO: Phenomenogical analysis | general features

p — GXo: computational setup

& PDF set : CTEQ6L1-CTEQ6M with 5 active flavors
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Squark/neutralino production at NLO: Phenomenogical analysis | general features

pp — 4X,: computational setup

& PDF set : CTEQ6L1-CTEQ6M with 5 active flavors

# Renormalization/factorization scale choice : ur = pir = (mg +mgo)/2

& Benchmark MSSM scenario: _

mSUGRA-like spectrum with mz ~ 1 TeV
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Squark/neutralino production at NLO: Phenomenogical analysis | general features

pp — X, computational setup

& PDF set : CTEQ6L1-CTEQ6M with 5 active flavors

# Renormalization/factorization scale choice : ur = pir = (mg +mgo)/2

& Benchmark MSSM scenario: _

mSUGRA-like spectrum with mz ~ 1 TeV

= for SPS1laip00 the neutralino is mostly bino

@ quantitative differences: _ =

o qualitative differences: relative size & dominant sources of real & virtual
corrections
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Squark/neutralino production at NLO: Phenomenogical analysis | Structure of the NLO corrections
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@ SUSY-QCD corrections entail a subleading contribution (suppressed by ~ 1/Msysy )

SUSY 2011 August 29th 2011  Fermilab




Squark/neutralino production at NLO: Phenomenogical analysis | Structure of the NLO corrections

Structure of the NLO corrections

15— ] [T T

[ o ] [ = ]

101 VS=17TeV 4 -

S [ SPS1a, 4, 1L we ]

- L m.—m_ =20GeV ] L M ]
Q L ik

- 5+ - - —

_Q L 4 L un

g 3 1 F et R

© e e Tud

guitvertex

integrated dipoles

= uxuvencx

5 70,
— i, % u vertex —

A P . 1 . i3
400 600 800 300 400 500 600 700 800 900 1000
m; [GeV]

SUSY 2011 August 29th 2011  Fermilab



Squark/neutralino production at NLO: Phenomenogical analysis = Scale dependence

Phenomenological analysis

@ Quantum effects moderately large _ and largely insensitive to the details of
the SUSY spectrum

@ dominated by pure QCD virtual gluon interchange & real gluon emission

@ SUSY-QCD corrections entail a subleading contribution (suppressed by ~ 1/Msysy )

- EREEEE
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Squark/neutralino production at NLO: Phenomenogical analysis = Scale dependence

Phenomenological analysis

@ Quantum effects moderately large _ and largely insensitive to the details of
the SUSY spectrum

@ dominated by pure QCD virtual gluon interchange & real gluon emission

@ SUSY-QCD corrections entail a subleading contribution (suppressed by ~ 1/Msysy )
# [Scale dependence|
@ Strongly reduced theory uncertainty: _ ONLO VS - ©LO
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Phenomenological analysis

@ Quantum effects moderately large _ and largely insensitive to the details of
the SUSY spectrum

@ dominated by pure QCD virtual gluon interchange & real gluon emission

@ SUSY-QCD corrections entail a subleading contribution (suppressed by ~ 1/Msysy )
# [Scale dependence|
@ Strongly reduced theory uncertainty: _ ONLO VS - ©LO

@ Similarly sensitive to variations of ppr/ur alike
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Squark/neutralino production at NLO: Phenomenogical analysis = Scale dependence

Scale dependence

@ Strongly reduced theory uncertainty: _ @ NLO VS - @LO
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Binoth, Gongalves-Netto, DLV, Mawatari, Plehn, Wigmore, arXiv:1108.1250 [hep-ph]
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Squark/neutralino production at NLO: Phenomenogical analysis = Scale dependence

Scale dependence

@ Similarly sensitive to variations of ur/ur alike
70 TV
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Binoth, Goncalves-Netto, DLV, Mawatari, Plehn, Wigmore, arXiv:1108.1250 [hep-ph]
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Squark/neutralino production at NLO: Phenomenogical analysis MSSM parameter space survey

Phenomenological analysis

4 Structure of the NLO corrections.

@ Quantum effects moderately large _ and largely insensitive to the details of
the SUSY spectrum

@ dominated by pure QCD virtual gluon interchange & real gluon emission

@ SUSY-QCD corrections entail a subleading contribution (suppressed by ~ 1/Msysy )
4 Scale dependence
@ Strongly reduced theory uncertainty: _ ONLO VS - ©LO

@ Similarly sensitive to variations of ppr/ur alike
# [MSSM parameter space survey |
@ Overall rates : _ fb for LHC at /S = 14 TeV.
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e Strongly dependent on the MSSM configuration =- kinematics (phase
space) & dynamics (¢Gx", coupling-strength)
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Phenomenological analysis

pp — \71 at N

& Structure of the NLO corrections

@ Quantum effects moderately large _ and largely insensitive to the details of
the SUSY spectrum

@ dominated by pure QCD virtual gluon interchange & real gluon emission

@ SUSY-QCD corrections entail a subleading contribution (suppressed by ~ 1/Msysy )
4 Scale dependence
@ Strongly reduced theory uncertainty: _ ONLO VS - ©LO

@ Similarly sensitive to variations of ppr/ur alike
# [MSSM parameter space survey |
@ Overall rates : _ fb for LHC at /S = 14 TeV.

e Strongly dependent on the MSSM configuration =- kinematics (phase
space) & dynamics (¢Gx", coupling-strength)

e Virtually insensitive to the the MSSM configuration
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Squark/neutralino production at NLO: Phenomenogical analysis MSSM parameter space survey

MSSM parameter space survey
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Squark/neutralino production at NLO: Phenomenogical analysis MSSM parameter space survey

MSSM parameter space survey

\/§ ULO UNLO K mag mg mg mil
7 27 44 | 1.4 ip : 561 dr, :
SPS1a1000 35 50 3] @r:56 1L 2568 1 1000 | o7
14 || 215.02 | 301.27 | 1.40 @R : 549 dr : 545
sPSib 7 2.77 3.99 | 1.45 ar : 872 dy, - 878 038 162
14 27.21 37.46 | 1.38 iR : 850 dr : 843
. 7 0.04 0.07 | 1.52 || @p :1554 | dp :1559 | oo 123
14 1.21 1.64 | 1.36 || @R :1554 | dg: 1552
sps3 7 3.15 455 | 1.44 @i : 854 dz, : 860 035 161
14 30.20 4159 | 1.38 iR : 832 dr : 824
sps7 7 2.19 3.17 | 1.45 @i : 896 dz 904 950 163
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o in fb, /S in TeV, m in GeV.
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Squark/neutralino production at NLO: Phenomenogical analysis

Comparison with multi-jet merging

Comparison with multi-jet merging

& NLO Kinematic distributions for the heavy final-states (g, )Z?L) in good agreement with a

multi-jet merged calculation via MLM matching — with

1/o doldp,. [GeV']

MADGRAPH 5 [Alwall et al.]
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Squark/neutralino production at NLO: Phenomenogical analysis | Squark/neutralino & squark/chargino channels

Squark/neutralino & squark/chargino channels

& If final-state leptons are considered =- sensitivity to squark + heavier neutralinos &
charginos

200——————— 71—+

k VvS=7TeV
SPSl%oo
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MadGolem

completely automates the calculation of NLO QCD corrections for generic BSM
2 — 2 processes within the MadGraph/Golem framework
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Summary

MadGolem

completely automates the calculation of NLO QCD corrections for generic BSM
2 — 2 processes within the MadGraph/Golem framework

Status of the code

o Operative & extensively checked for the SM/MSSM
@ BSM-suitable loop calculator

e SUSY dipoles (with o dependence)

UV counterterms & SUSY restoration

@ OS Subtraction
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Summary

Summary

MadGolem

completely automates the calculation of NLO QCD corrections for generic BSM
2 — 2 processes within the MadGraph/Golem framework

Status of the code

o Operative & extensively checked for the SM/MSSM
@ BSM-suitable loop calculator

e SUSY dipoles (with o dependence)

@ UV counterterms & SUSY restoration

@ OS Subtraction

First public release in O(months) =  Stay tuned !!
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Phenomenology in a nutshell

@ Source of monojet+J, signatures

o Probe of the - coupling & composition of the -

o Total rates up to o ~ O(100) fb «— dependent on the SUSY spectrum
and the ggx coupling strength
o K-factors ~ 1.3 — 1.4 < insensitive to the SUSY spectrum

o Quantum effects dominated by virtual gluon exchange and real gluon
emission
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Summary

Summary

First fully automated BSM NLO calculation

Phenomenology in a nutshell

Source of monojet+#, signatures

Probe of the - coupling & composition of the -

Total rates up to o ~ O(100) fb <— dependent on the SUSY spectrum
and the ggx coupling strength
K-factors ~ 1.3 — 1.4 < insensitive to the SUSY spectrum

Quantum effects dominated by virtual gluon exchange and real gluon
emission

Strongly reduced theory uncertainty

Good agreement with jet merging calculation
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